Rydberg States and Long-range Rydberg Molecules
Powerful methods to cool down atomic samples to ultracold temperatures, [1] [2] [3] [4] i.e. temperatures below 1 mK, offer chemists the opportunity to study atom/atom interactions and molecule formation in a regime previously not accessible. This regime is characterized, in our experiments, by a typical temperature of 40 µK corresponding to a thermal energy of h · 800 kHz or 0.3 mJ/ mol and to an extremely low average velocity of 0.05 m/s in the case of Cs atoms. Such conditions enable the investigation of fragile molecules bound by much less than the thermal energy at room temperature. Such molecules can be formed and studied by high-resolution photoassociation spectroscopy starting from ultracold atomic samples. Using ultracold samples in spectroscopic experiments has the additional advantages of negligible Doppler widths (200 kHz in the UV and for Cs atoms at 40 µK) and long interaction times, resulting in small energy uncertainties, relevant, e.g. for the spectroscopic determination of binding energies. These advantages are currently exploited in an increasing range of applications in atomic and molecular physics and in chemistry focusing on the fundamental understanding of interatomic and intramolecular long-range interactions (see e.g. refs [5, 6] ) and precision measurements of atomic and molecular properties (see e.g. refs [7] [8] [9] [10] ).
Rydberg states of atoms and molecules are at the heart of the research presented in this contribution. These states consist of a positively charged ion core and an excited electron (the Rydberg electron) located in a large orbit of dimension given approximately by the Bohr radius a 0 n 2 , where n is the principal quantum number. At sufficiently high values of n, the Rydberg electron is insensitive to the structure of the positively charged ion core, and the Rydberg level structure becomes similar to that of the hydrogen atom. High Rydberg states of all atoms and molecules can be described in good approximation by Rydberg's empirical formula [11, 12] (1) [17] This point lies at the apex of the parabola presented as a dashed black line. Measuring the Stark effect of high Rydberg states by applying electric fields in all three spatial dimensions enables us to reduce a background electric stray field of~0.3 V/cm to below 1 mV/cm. This level of compensation is necessary to avoid asymmetric line broadenings and shifts in precision measurements of Rydberg transitions and to achieve the afore-mentioned precision and accuracy. A full account of this investigation is given in ref. [10] .
Pressure Shift, Fermi Pseudopotential and Long-range Rydberg Molecules
At the maximal atom density in our MOT, the average distance between neighbouring atoms is on the order of 1 µm and the probability that ground-state atoms are located within the large Rydberg orbit (diameter of about 140 nm at n = 33, see Table  1 ) becomes significant. We can therefore study interactions between Rydberg and ground-state atoms in detail by observing how the Rydberg spectrum is affected by the increased atom density, ultimately leading to the well-known pressure shift of Rydberg transitions. This shift was first measured by Amaldi and Segré in 1934 [18] and interpreted by Fermi [19] as arising from the scattering of the Rydberg electron with atoms located within the electron orbit.
Precision Measurements of Rydberg States of Cs
When we carry out precision measurements of atomic properties we i) operate the trap at low atom densities to avoid broadening by interactions of the Rydberg atoms with ground-state atoms, ii) use low laser intensities to avoid AC Stark shifts of the transitions, and, more importantly, to avoid van-der-Waals interactions between Rydberg atoms, and iii) minimize the temperature of the trapped sample to reduce Doppler broadening. Under these conditions, we can record transitions from the 6s 1/2 ground state to np Rydberg states of Cs with a resolution (full width at half maximum) of 1 MHz as illustrated in Fig.  1a . When the laser frequency is calibrated with a frequency comb, the line centers can be determined at an absolute accuracy of 60 kHz. Extrapolation of the measured Rydberg series using Rydberg's formula (Eqn. (1)), taking into account the energy dependence of the quantum defect up to the term linear in energy, enabled us to determine the first ionization energy of Cs (E I = hc · 31406.4677325(14) cm −1 ) to extreme precision and to extract improved values of the quantum defects of the p Rydberg series and their energy dependence. [10] Such a high precision and accuracy can only be achieved by careful compensation of stray magnetic and electric fields. We accomplish this by monitoring and minimizing the frequency shifts of the microwave transition between the F = 3 and F = 4 hyperfine components of the 6s 1/2 ground state and of the np 3/2 ← 6s 1/2 transitions using solenoids and electrodes designed for this purpose. An exemplary measurement of the stray electric field along one spatial coordinate is presented in Fig. 1b . The measured 70p 3/2 ← 6s 1/2 transition is neutral ground state, the mass-dependent Rydberg constant and the quantum defect, which, in any non-hydrogenic atom or molecule, depends on the orbital angular momentum quantum number l and deviates from zero in penetrating low-l states.
The scaling with n of the physical properties of Rydberg atoms and molecules most relevant to our studies are summarized in Table 1 . This Table illustrates that high Rydberg states have a large orbital radius, are weakly bound, long lived, highly polarisable, and easily perturbed by ground-state or Rydberg atoms in their vicinity. The physical properties of atoms or molecules in high Rydberg states are primarily determined by their quantum state and are thus universal.
The experiments summarized below rely on the combination of ultracold samples of Cs atoms prepared in a magnetooptical trap (MOT) and the unusual properties of Rydberg states at high n values. These experiments have been described in more detail in refs [10, [13] [14] [15] [16] .
Experimental
The experiments were performed under ultrahigh vacuum using ultracold samples of Cs atoms released from a MOT at a density of 10 12 atoms/cm 3 and a temperature of 40 µK. All atoms were prepared in either the F = 3 or the F = 4 hyperfine component of the 6s 1/2 ground state, from which they were photoexcited to high np 3/2 Rydberg states in single-photon transitions in the ultraviolet (UV) at a wavelength of~319 nm. The UV radiation driving the transitions is either obtained by doubling the frequency of the continuous-wave output of a singlemode ring dye laser at~639 nm resulting in a bandwidth of 1 MHz in the UV, or by pulse amplification of the 639 nm radiation in dye cells, followed by frequency doubling in a BBO crystal, resulting in 5 ns long UV pulses with a bandwidth of 140 MHz at a repetition rate of 10 Hz. The frequency of the laser is calibrated with a wavemeter and with a frequency comb. [10] The Rydberg atoms or molecules are detected by applying pulsed electric potentials to a pair of electrodes surrounding the photoexciation region, causing pulsed field ionisation and extraction of the ions towards a charged-particle detector through an ion time-of-flight mass spectrometer. The resulting Cs + and Cs 2+ ions are detected in separate channels, which enables us to detect molecular products resulting from the interaction of Cs Rydberg atoms with other Cs atoms located in their vicinity. Before photoexcitation, we turn off all optical and magnetic trapping fields and carefully compensate remaining electric and magnetic stray fields. experimental determination of the singlet scattering length of electron-Cs collisions, [13] and later, following the same model, also for electron-Rb collisions. [29] The experimental observations confirmed the calculations and also the linear scaling of A 0 with α. Our contribution to the studies of these rather unusual molecular states came from the realization that the hyperfine interaction in the ground state of Cs (and of the lighter alkali-metal atoms) is larger than the interaction described by Eqn. (2) for the Rydberg states with n in the range 25-40 studied experimentally (see discussion in refs [13, 30] ). The hyperfine interaction of the ground-state atom thus couples the electron spin to its own nuclear spin, which effectively mixes singlet and triplet channels and gives rise to a second class of long-range molecular states with mixed singlet-triplet scattering character and even weaker molecular binding energies than the first class of purely triplet scattering character. [13] An example for the resulting potential-energy curves and vibrational eigenstates is given in Fig.  3a for 33p 3/2 .
In the Rydberg spectra, the molecular states appear on the low-frequency side of the atomic resonances, see Fig. 3b for a measurement in the vicinity of the 33p 3/2 ← 6s 1/2 transition. The spectrum reveals among several other lines two strong lines. The first one, marked with a thick blue assignment bar at the top of Fig. 3b , appears at larger detuning from the atomic transition and arises from pure triplet In this model, the only parameter needed to describe the molecular states is the zero-energy electron-atom scattering length A 0 , for which calculations exist for many different elements. The calculated values of A 0 for the rare-gas atoms and the alkali-metal atoms are presented in Fig. 2 as a function of the polarisability of the atom in its ground state. In the case of the rare-gas atoms with completely filled subshells, only one scattering channel exists. The alkali-metal atoms with a single valence electron in the ns atomic orbit (n = 2, 3, 4, 5, and 6 for Li, Na, K, Rb, and Cs, respectively) exhibit a singlet (S = 0) and a triplet (S = 1) scattering channel depending on the relative orientation of the spins of the valence electron and the scattered (Rydberg) electron. Fig. 2 reveals a surprisingly simple, linear scaling of the scattering lengths with the polarisabilities α of the ground-state atoms. It also reveals a stronger binding interaction in the longrange molecules resulting from triplet scattering than for singlet scattering channels. This difference can be attributed to the exchange interaction between the Rydberg electron and the valence electron of the ground-state atom.
High-resolution photoassociation spectroscopy of long-range Rydberg molecules and a fit of their binding energies on the basis of Eqn. (2) have yielded the first This scattering can be treated using what is now known as a Fermi-contact-type pseudo-potential
In this model, the interaction between the Rydberg and the ground-state atoms is reduced to the 'local' interaction between the electron, with the electron density at the position R of the ground-state atom relative to the Rydberg ion core given by the square of the Rydberg electron wavefunction |Ψ(R)| 2 . In Eqn. (2), A 0 is the zero-energy s-wave scattering length of the electron-atom collision. Because the Rydberg electron has a very small kinetic energy at the distance of high probability around the classical outer turning point, the model considers s-wave scattering only, and all higher partial waves do not contribute because the energy of the collision is assumed to be lower than the centrifugal barrier in the electron-atom scattering for l > 0. Fermi showed that Eqn. (2) adequately describes the pressure shifts and broadenings of Rydberg lines arising from the presence of many ground-state atoms inside the Rydberg-electron orbit. [19] In the limit of a single ground-state atom within the Rydberg-electron orbit and for a negative scattering length A 0 , the Fermi pseudo-potential leads to the existence of a shallow oscillating molecular potential V(R), proportional to the Rydberg electron density. [20] Greene and coworkers [21] pointed out that V(R) can actually bind the Rydberg atom to the ground-state atom, giving rise to long-range Rydberg molecules with rovibrational levels that could be observed by high-resolution spectroscopy in ultracold gases. The size of these long-range Rydberg molecules is given by the size of the Rydberg-electron orbit and is enormous, about 50 nm at n =30. The existence of these long-range molecules was confirmed experimentally in studies of ns 1/2 (n = 32-36) Rydberg states of Rb in an ultracold sample by Pfau and coworkers. [22] The molecular potential can be refined by considering a linear energy dependence of the scattering length on the electron quasiclassical momentum k [23] (3)
where α is the polarisability of the groundstate atom. The kinetic energy k 2 /2 of the Rydberg electron corresponds to the difference between the total energy and the Coulomb potential energy using the relation (in atomic units) Fig. 2 . Electron-atom scattering lengths A 0 as a function of the polarisability α for different elements and scattering channels. Values for the rare gases He, Ne, Ar, Kr and Xe are taken from ref [24] and are indicated by purple five-pointed stars. For the alkali-metal atoms Li, Na, K, Rb and Cs, the singlet and triplet scattering lengths are presented in orange and black, respectively (data taken from refs [25] [26] [27] ). The singlet and triplet electron-H scattering lengths (data taken from ref [28] ) are indicated by open squares. The values determined from a fit to high-resolution longrange Rydberg photoassociation spectroscopy are shown in green (triplet) and magenta (singlet) for Rb [29] and Cs [13] . Solid lines represent linear fits to the data of the different groups of elements.
266 CHIMIA 2016, 70, No. 4 Laureates: Junior Prizes of the sCs faLL Meeting 2015 the formation of molecular resonances resulting from the interaction between two Cs Rydberg atoms. Because of the scaling of the van der Waals coefficients with n 11 (see Table 1 ), the long-range interactions between two ultracold atoms in high-n Rydberg states can dominate the dynamics of the system. To treat the long-range van der Waals interaction theoretically, one usually expresses it as a multipole expansion, the leading and often dominating term being the dipole-dipole interaction, which results formally in configuration interactions between near-degenerate levels of the atom pair, such as sis enormous and the Born-Oppenheimer approximation would be expected to fail. The reason why this is not the case is that, although the electronic motion is slow, the nuclear motion is still much slower at the low temperature of the atom sample and the large distances where photoassociation into these molecules takes place. A full account of this investigation is given in ref. [13] .
Rydberg-atom Dimers Interacting Through the van der Waals Interaction
A final example illustrating the unusual properties of Rydberg atoms and their interactions is presented in Fig. 4 , which shows scattering. The second one, marked with a thick red assignment bar, is observed at smaller detuning and results from mixed singlet-triplet scattering. At the positions of the molecular resonances, we actually photoassociate two ultracold Cs atoms and form a long-range metastable Cs 2 molecule. When we detect the molecules by pulsed field ionisation, we predominantly observe Cs 2 + ions (see Fig. 3b ). The calculated positions of the vibrational ground states agree well with our experimental results over a wide range of n values (n = 26-34), as illustrated by Fig. 3c .
For a chemist it may seem extraordinary that potential functions of the type represented in Fig. 3a can at all faithfully describe molecules in an energy region where the electronic-state density The dipole-dipole interaction mixes the optically accessible p Rydberg states with Rydberg states of s character that are not accessible in single-photon transitions from the 6s ground state. The intensity of the transitions to the mixed molecular states, formed by the interacting Rydberg atoms, is proportional to the p-character of the mixed states.
The observation of such resonances [6, [31] [32] [33] [34] requires the simultaneous excitation of two Cs atoms to interacting Rydberg states. With a single monochromatic laser this corresponds to a two-photon excitation. The laser frequency at the position of the two-photon resonances is detuned from the np 3/2 ← 6s 1/2 resonances of the isolated atoms (see Fig. 4a ). Because the strength of the two-photon transition rapidly decreases with increasing detuning from the atomic transition, we observe these molecular Rydberg-atom pairs only when the ultracold sample of Cs is illuminated with very intense UV laser pulses.
A typical spectrum recorded with a 5 ns long pulsed, intense (~10 MW/cm 2 ) UV laser is presented in Fig. 4b . The laser frequency is calibrated with a wavemeter and is referenced to the atomic 24p 3/2 ← 6s 1/2 transition, which is strongly saturated under the conditions where the Rydbergatom-pair states are observed. Next to the saturated atomic resonance, we observe the density-dependent appearance of additional, sharp (~300 MHz FWHM) resonances at negative and positive detunings from the atomic resonance. To assign the molecular resonances observed experimentally it is necessary to consider several interacting Rydberg-atom-pair states and to carefully model the R-dependent interactions. To this end, we set up a Hamiltonian matrix describing the relevant long-range interactions, primarily dipole-dipole interactions, with weaker contributions from dipolequadrupole [15] and quadrupole-quadrupole [16] interactions. Determining the eigenvalues of this interaction matrix as a function of the internuclear distance leads to sets of potential-energy functions, as illustrated in Fig. 4c for the spectral region near the 24p 3/2 24p 3/2 dissociation asymptote.
Some spectral positions correspond closely to the energy of pair-dissociation asymptotes, e.g. the resonance at a detuning of~-6 GHz in the spectrum depicted in Fig. 4b , which results from molecular states correlated at long range to the 23s 1/2 24s 1/2 asymptote. The resonances on the high-frequency side result from quadrupole-quadrupole interactions between np 3/2 np 3/2 and nfn´f Rydberg-atom pair states. [16] The shift of the line observed at a detuning of -6 GHz from the position of the 23s 1/2 24s 1/2 dissociation asymptote corresponds to the interaction-induced shift ∆E int , introduced in Fig. 4a . The resonance exhibits an asymmetric broadening and a red-degraded line shape. The line shape and the magnitude and sign of the interaction-induced shift can be almost perfectly modeled by our numerical calculations based on the potential curves presented in Fig. 4c , taking into account the fact that it is the p-character of the final state that gives rise to observable intensities. A full account of these studies is given in ref. [16] .
Conclusion
In this short overview of our research on Cs Rydberg atoms in ultracold samples we have studied unusual electronically excited states of Cs 2 with extremely weak binding energies. Because in these states the nuclear motion is still much slower than the slow electronic motion, the treatment of the energy-level structure based on the Born-Oppenheimer approximation remains approximately valid. The states we have observed include long-range Rydberg molecules bound by a Fermi-contact-type interaction of the electron with the Cs neutral atoms. The binding is weaker than the hyperfine interaction in the ground state of Cs, which results in two classes of states, one of which we have observed for the first time. The second type of molecules consists of two atoms both excited to high Rydberg states and interacting at long range via the dipole-dipole and higher order multipole-multipole interactions. The very large internuclear distances and the extremely weak bonds observed in these molecules make them fascinating objects of scientific investigations.
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